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M-type K+ channels, encoded by KCNQ2–KCNQ5
genes, play key roles in regulation of neuronal excit-
ability; however, less is known about the mecha-
nisms controlling their transcriptional expression.
Here, we discovered a mechanism regulating
KCNQ2/3 transcriptional expression by neuronal
activity in rodent neurons, involving activation of cal-
cineurin and nuclear factor of activated T cell (NFAT)
transcription factors, orchestrated by A kinase-
anchoring protein (AKAP)79/150. The signal requires
Ca2+ influx through L-type Ca2+ channels and both
local and global Ca2+ elevations. We postulate in-
creased M-channel expression to act as a negative
feedback to suppress neuronal hyperexcitability,
demonstrated by profoundly upregulated KCNQ2/3
transcription in hippocampi from wild-type, but
not AKAP150/, mice after drug-induced seizures.
Thus, we suggest a distinct role of AKAP79/150 and
the complex it organizes in activity-dependent
M-channel transcription, whichmay potentially serve
throughout the nervous system to limit overexcitabil-
ity associated with disease states such as epilepsy.
INTRODUCTION
The family of A kinase-anchoring proteins (AKAPs) has emerged
as a convergent point of diverse signals to achieve spatiotem-
poral specificity. Besides the extensive studies on its regulation
of ion-channel activity and trafficking, AKAP79/150 (human
AKAP79/rodent AKAP150) has been shown to be intimately
involved in synaptic plasticity, and learning and memory (Horne
and Dell’Acqua, 2007; Lu et al., 2007; Tavalin et al., 2002; Tun-
quist et al., 2008; Weisenhaus et al., 2010). A direct role of
AKAP79/150 in gene transcription has been implicated, high-
lighting nuclear or plasma membrane complexes it organizes
with signaling components of cAMP/CREB or calcineurin
(CaN)/nuclear factor of activated T cell (NFAT) signaling path-
ways (Oliveria et al., 2007; Sample et al., 2012). NFAT transcrip-
tion factors are activated by intracellular Ca2+ (Ca2+i) signals in
concert with CaN and play critical roles in neural development,
axon growth, and b-amyloid neurotoxicity (Graef et al., 1999,Ne2003; Hudry et al., 2012; Wu et al., 2012). AKAP79/150 has
been suggested to play a role in the regulation of neuronal excit-
ability and susceptibility to seizures (Tunquist et al., 2008).
Recent structural and biochemical studies further reveal the
stoichiometry of the core AKAP79-dimer/PKA/CaN complex
and suggest the mechanism of CaN activation by Ca2+/CaM
binding to AKAP79 and NFAT activation by dissociation of CaN
from the AKAP79 complex (Gold et al., 2011; Li et al., 2012).
However, few genes in the nervous systempresumed to be regu-
lated by NFAT have actually been identified.
Voltage-gated M-type (KCNQ, Kv7) K+ channels, expressed in
a wide variety of neurons, play critical roles in modulation of
neuronal excitability and action potential firing (Delmas and
Brown, 2005). KCNQ2 and KCNQ3 underlie most neuronal M
currents which are partly regulated by AKAP79/150-mediated
PKC phosphorylation (Hoshi et al., 2003, 2005; Zhang et al.,
2011). Yet, despite the importance of M channels in control
over neuronal excitability, very little is known about their tran-
scriptional regulation, which would have profound implications
for nervous function. Mechanisms of transcriptional upregulation
have not been described but rather downregulation by the tran-
scriptional repressor, REST, in sensory neurons (Mucha et al.,
2010; Rose et al., 2011).
In this paper, we discover a distinct role of AKAP79/150
in modulation of M currents, by mediating activity-dependent
regulation of KCNQ2 and KCNQ3-channel gene transcription.
We examined the hypothesis that neuronal activity, which is
regulated by M current, induces NFAT-mediated transcriptional
upregulation of the very KCNQ channels that can dampen excit-
ability. Increased expression of KCNQ2/3 channels operates in
a negative feedback manner to suppress hyperexcitability of
neurons. We show that AKAP79/150 orchestrates a signaling
complex that includes CaN and L-type (CaV1.3) Ca
2+ channels,
the activity ‘‘reporter’’ of the neurons. This signaling pathway
may potentially serve throughout the nervous system to limit
overexcitability, which underlies myriad disorders such as
chronic pains, epilepsies, and cardiovascular dysfunction.
RESULTS
Neuronal Stimulation Induces Increased M-Channel
Expression
We first examined whether M-channel transcription and expres-
sion in sympathetic neurons of rodent superior cervical ganglion
(SCG) are regulated by neuronal stimulation, using bothuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc. 1133
Figure 1. Neuronal Stimulation Induces
Increased KCNQ2 and KCNQ3 mRNA and
M-Current Amplitudes
(A) qPCR analysis of KCNQ1-KCNQ3mRNA levels
in cultured rat SCG neurons. Data are expressed
as the relative quantification normalized to the
expression of b-actin mRNA.
(B) The protocol used is shown. Cultured SCG
neurons were exposed to either 50 mM K+ or ACh
(1 mM) for 15 min. After returning to normal
medium for 7 hr, or 2–3 days, qPCR or patch-
clamp analysis was performed, respectively.
(C) Bars summarize the fold increase in KCNQ2
and KCNQ3 mRNA from SCG neurons after stim-
ulation by 50 mM K+ or ACh. Data are normalized
to the expression of b-actin mRNA.
(D) Representative M-current traces from rat
SCG neurons 2–3 days after stimulation by
50 K+, ACh, or regular Ringer’s, using the indi-
cated voltage protocol, are shown. The gray
traces are in the presence of the M-channel
blocker, XE991.
(E) Bars summarize the current density for the
groups of cells as in (D).
Data are shown as mean ± SEM. *p < 0.05,
**p < 0.01.
Neuron
NFAT and AKAP150 Regulate M-Channel Transcriptionquantitative real-time PCR (qPCR) and patch-clamp electro-
physiology. As previously reported by Hadley et al. (2003),
strong KCNQ2 and KCNQ3, but little KCNQ1, transcripts
express in juvenile rat SCG neurons (Figure 1A). The relative
expression levels for KCNQ1–KCNQ3 transcripts, normalized
by expression level of the housekeeping b-actin RNA,
were (0.002 ± 0.001) 3 103, (1.11 ± 0.03) 3 103, and (0.74 ±
0.18) 3 103 (n = 3), respectively. We then compared the effect
of neuronal stimulation on the levels of KCNQ2 and KCNQ3 tran-
scripts. Neuronal activity was mimicked by two methods: (1)
depolarization by perfusion (10–15 min) of a high-K+ solution
(50 mM); or (2) application of acetylcholine (ACh, 1 mM), which
is a more physiological way to depolarize and excite the neurons
via stimulation of nicotinic ACh receptors. Perfusion by regular
Ringer’s solution served as a negative control. Total RNA was
extracted after 7 hr and qPCR performed (Figure 1B). We
detected significant increases in both KCNQ2 and KCNQ3
mRNA in neurons stimulated by 50 K+ or ACh (Figure 1C). For
KCNQ2, the relative expression levels in neurons treated with
high K+ or ACh were 2.05 ± 0.44 (n = 4; p < 0.05), and 1.80 ±
0.19 (n = 4; p < 0.05), respectively. For KCNQ3 transcripts,
they were 1.76 ± 0.51 (n = 4; p < 0.05) and 1.56 ± 0.22 (n = 4;
p < 0.05), respectively.
M-current (IM) amplitudes in SCG neurons were then quanti-
fied to assay expression of functional M channels. As in the
previous qPCR experiments, neurons were perfused by 50 K+,
ACh, or regular Ringer’s solution for 15 min, and after 1, 48,
60, or 72 hr studied under perforated-patch voltage clamp. We
did not observe a significant difference of IM amplitudes between
neurons treated with regular Ringer’s and 50 K+ solutions 1 hr
after stimulation, but we observed significant upregulation of IM
amplitudes in neurons treated with 50 K+ solution after 48, 60,1134 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Incor 72 hr, indicating that altered expression of M channels is
involved. We thus decided to measure IM amplitudes 48–60 hr
after stimulation in this paper, and examples of IM traces re-
corded from such neurons before and after application of the
M-channel-specific blocker, XE991 (Zaczek et al., 1998), are
shown in Figure 1D. IM amplitudes were normalized to mem-
brane capacitance and the current density used to indicate
expression of functional M channels. In neurons treated with
50 K+ or ACh-containing solutions, IM amplitudes were signifi-
cantly augmented (Figure 1E). For neurons treated with regular
Ringer’s or 50 K+-containing solutions, the current densities
were 0.78 ± 0.10 pA/pF (n = 14) and 1.24 ± 0.12 pA/pF (n = 14;
p < 0.01), respectively. For neurons treated with regular Ringer’s
or ACh, the current densities were 0.81 ± 0.06 pA/pF (n = 12) and
1.25 ± 0.15 pA/pF (n = 14; p < 0.01), respectively.
The Activity-Dependent Regulation of M-Channel
Expression Is Mediated by NFAT
NFAT signaling is critical to neural development and axon growth
(Graef et al., 2003), as well as transcriptional regulation of several
voltage-dependent K+ channels, e.g., upregulation of KV4.2
mRNA in cardiomyocytes (Gong et al., 2006) and downregulation
of KV2.1mRNA in arterial smoothmuscle (Amberg et al., 2004). In
the rat SCG neurons that we study here, NFATc1–NFATc4 has
been shown to be expressed and, when activated, to translocate
from cytoplasm to nucleus by electrical stimulation and kinase
inhibitors (Herna´ndez-Ochoa et al., 2007). We performed qPCR
on SCG neurons and detected transcripts for NFATc1–NFATc4
isoforms (data not shown). We then asked which transcription
factors mediate the upregulation of M-channel expression
seen here, hypothesizing activity-dependent production of
Ca2+/CaN and NFAT activation to be crucial..
Figure 2. NFAT Mediates the Upregulation
of M-Channel Expression
(A) Shown are representative M-current traces
from rat SCG neurons stimulated by 50 mM K+, or
regular Ringer’s, transfected with the EGFP-tag-
ged CA-NFAT mutant, or EGFP only. Insets are
wide-field (W.F.) or fluorescent micrographs of
a neuron transfected with CA-NFAT, which is
tonically localized to the nucleus.
(B) Bars summarize the current density for the
groups of cells as in (A).
(C) Shown are representative M-current traces
from mouse SCG neurons stimulated by 50 mM
K+, or Ringer only, transfected with EGFP-tagged
shRNA for NFATc1, NFATc2, or scrambled (Scr.)
shRNA as a control.
(D) Bars summarize the current density for the
groups of cells as in (C).
Dataareshownasmean±SEM.*p<0.05, **p<0.01.
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NFAT and AKAP150 Regulate M-Channel TranscriptionTo obtain evidence for elevated M-channel expression by
NFAT, we monitored IM amplitudes after direct activation or
suppression of CaN/NFAT signaling. First, we tested the effect
of exogenous expression of a constitutively active NFAT mutant
(CA-NFAT) that does not require CaN to be activated. SCG
neurons, transfected with either EGFP-tagged CA-NFAT or
only EGFP, were treated with regular Ringer’s or 50 K+ solutions,
and IM was recorded after 48–60 hr. Successfully transfected
neurons were identified by EGFP fluorescence (Figure 2A). In
CA-NFAT-expressing neurons treatedwith regular Ringer’s solu-
tion, the tonic amplitude of IM was much larger (1.44 ± 0.22 pA/
pF, n = 10) than in control neurons (0.85 ± 0.09 pA/pF, n = 12),
with current augmentation similar to that normally seen after
high-K+ stimulation (1.55 ± 0.18 pA/pF, n = 14; p < 0.01). Further-
more, high-K+ treatment did not further increase IM amplitudes in
CA-NFAT-expressing neurons (1.63 ± 0.17 pA/pF, n = 13)
(Figures 2A and 2B), suggesting that high-K+ treatment induces
M-channel expression through activation of NFATs. Our second
test was to knock down endogenous NFAT activity using shRNA
for NFATc1 or NFATc2. We transfected EGFP-tagged shRNA for
NFATc1, NFATc2, or scrambled shRNA as a control, into SCG
neurons fromwild-type (WT) mice, which also showed increased
IMwhen treated with high-K
+ solution (1.28 ± 0.08 pA/pF, n = 13),
compared with regular Ringer’s (0.87 ± 0.05 pA/pF, n = 18)
(Figures 2C and 2D). In NFATc1-shRNA or NFATc2-shRNA-ex-
pressing neurons, the increase in IM amplitude by 50 K
+ was
largely blunted (0.93 ± 0.10 pA/pF, n = 13, and 1.03 ± 0.06 pA/
pF, n = 13, respectively) compared to neurons transfected with
scrambled shRNA (1.39 ± 0.11 pA/pF, n = 18; p < 0.01) (Figures
2C and 2D). These data suggest that activation of NFAT tran-
scription factors underlies the increased expression of M current
by neuronal stimulation. The shRNA data also suggest that both
NFATc1 and NFATc2 activity are required.Neuron 76, 1133–1146, DeNeuronal Stimulation Elicits
Nuclear Translocation of NFATc1/
NFATc2 from the Cytoplasm
Having implicated NFATc1 and NFATc2
in transcriptional regulation of M chan-nels, we wanted to probe the relationship between Ca2+i signals
and NFAT translocation in real time. Thus, rat SCG neurons
transfected with plasmids encoding EGFP fused to the N
terminus of NFATc1 (EGFP-NFATc1) were loaded with fura-2
AM, and EGFP localization was monitored simultaneously with
[Ca2+]i. SCG neurons were stimulated by the 50 K
+ solution for
10–15 min and then switched back to regular Ringer’s solution.
EGFP-NFATc1 translocation was quantified by measuring
mean EGFP fluorescence from regions in the cytoplasm and
nucleus, and the nuclear-to-cytosolic ratio was calculated,
whereas [Ca2+]i was simultaneously monitored by calculating
the ratio of emitted fluorescence collected from 340 and
380 nm excitation. Images of fura-2 and EGFP emission from
an example neuron, before, during, and after 50 K+ treatment,
are shown in Figure 3A. At rest, EGFP-NFATc1 localized mostly
to the cytoplasm. A rapid increase of [Ca2+]i throughout the soma
was observed after neurons were stimulated by depolarization
with 50 K+. The nuclear translocation of EGFP-NFATc1 from
the cytoplasm commenced much more slowly, was essentially
complete within 20 min, and lasted for at least 30 min (Fig-
ure 3A; n = 11) (see Movie S1, available online). We performed
similar simultaneous imaging of NFAT and [Ca2+]i on neurons
transfected with EGFP-tagged NFATc2–NFATc4. We observed
similar, rapid [Ca2+]i elevations in neurons transfected with
EGFP-NFATc2–NFATc4 but only observed NFAT nuclear trans-
location for EGFP-NFATc2 (Figures 3C–3E; n = 20, 16, 22).
In hippocampal neurons, L-type Ca2+ channels have been
suggested as pivotal for CaN/NFAT signaling (Graef et al.,
1999; Oliveria et al., 2007); however, the L-type current is only
<5% of total ICa in rat SCG neurons (Plummer et al., 1989).
Thus, we tested whether including the L-channel agonist, FPL-
64716 (Baxter et al., 1993), in the 50 K+ solution would induce
greater nuclear translocation of NFATc1. However, the absencecember 20, 2012 ª2012 Elsevier Inc. 1135
Figure 3. Neuronal Stimulation Elicits
Translocation of NFATc1/c2 from the Cyto-
plasm to Nucleus
Rat SCG neurons were transfected with EGFP-
tagged NFATc1–NFATc4, and simultaneous live-
cell fura-2 and EGFP imaging was performed
during and after stimulation by 50 K+, or ACh.
Neurons were bath loaded with fura-2 as the
AM-ester.
(A and B) Shown are the representative images of
cells transfected with EGFP-NFATc1 with (A) and
without (B) L-type Ca2+-channel agonist FPL-
64716 added to the 50 K+ solution, with the 340/
380 nm ratios and EGFP images acquired every
15 s from the experiments plotted versus time.
(C) Shown are representative fura-2 and EGFP
images of cells transfected with EGFP-tagged
NFATc2–NFATc4.
(D and E) Bars summarize data from groups of
cells in (A)–(C) and cells treated with ACh, for fura-
2 and EGFP imaging, respectively. Data are shown
as mean ± SEM. *p < 0.05.
See also Movie S1.
Neuron
NFAT and AKAP150 Regulate M-Channel Transcriptionof FPL-64716 allowed similar [Ca2+]i elevations and robust,
but slightly smaller, NFATc1 nuclear translocation (p < 0.05) by
50 K+ (n = 19) (Figures 3B–3E). Later in this paper, we systemat-
ically explore the subtypes of ICa involved in the CaN/NFAT
signaling cascade. We also observed rapid [Ca2+]i eleva-
tions and EGFP-NFATc1 nuclear translocation when neurons
were excited using ACh (n = 10; Figures 3D and 3E; for the
statistics, see Supplemental Information). Thus, in sympathetic
neurons, neuronal activity induces nuclear translocation of
NFATc1 and NFATc2 that is coupled with strong increases in
[Ca2+]i.
Because the responses of exogenously expressed signaling
proteins may differ from endogenous ones, we also performed
experiments to test the nuclear translocation of endogenous
NFAT by immunostaining/confocal microscopy. We again chose
to examine the nuclear translocation of NFATc1. Cultured rat
SCG neurons were treated with 50 K+ or ACh for 15 min, fixed,
and immunostained by antibodies against NFATc1 before stim-
ulation (not stimulated, ‘‘NS’’ in the figures) or at 15–120min after
stimulation. Tyrosine hydroxylase (TH) was used as a sympa-
thetic neuronal marker, and DAPI was used to stain nuclei. The1136 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc.subcellular distribution of endogenous
NFAT was visualized by confocal micros-
copy, and nuclear staining levels were
calculated as the ratio of nuclear-to-
cytoplasmic staining (Figures 4A and
4B). In Figures 4A and 4B, NFATc1, TH,
or DAPI images are displayed in red,
green, or blue, respectively, so in the
merged DAPI+NFATc1 images, purple
regions indicate greater NFATc1 localiza-
tion to the nuclei. Consistent with the
transfected EGFP-NFAT data, both types
of stimulation increased endogenous
NFATc1 nuclear staining within 15 min,and the augmented level of nuclear NFATc1 persisted for at least
120 min (Figures 4C and 4D). In sum, we demonstrate that stim-
ulation of rat sympathetic neurons by either 50 K+ or ACh elicits
translocation of both exogenous EGFP-tagged NFATc1 and
NFATc2 and endogenous NFATc1 from the cytoplasm to the
nucleus, concurrent with increases in [Ca2+]i.
Inhibition of CaN/NFAT Signaling Pathways Abolishes
Activity-Dependent Upregulation of M-Channel
Expression
To further confirm the involvement of CaN-activated NFAT
in the regulation of M-channel expression, endogenous
NFAT signaling was inhibited pharmacologically by either the
CaN inhibitor, cyclosporine A (CsA), or a stearated (St), mem-
brane-permeable peptide, consisting of MAGPHPVIVITGPHEE
(St-VIVIT), that inhibits the CaN/NFAT signaling pathway by
competitively blocking the binding of CaN to NFAT, preventing
NFAT dephosphorylation (Aramburu et al., 1999). Cultured rat
SCG neurons were pretreated with CsA or the St-VIVIT peptide
for 1 hr before stimulation. The neurons were then (1) fixed
and immunostained by antibodies against NFATc1 before
Figure 4. Neuronal Stimulation Elicits
Nuclear Translocation of Endogenous
NFATc1 from the Cytoplasm
(A and B) Shown are confocal images of rat SCG
neurons immunostained with the nuclear stain
DAPI, with antibodies against TH as a sympathetic
neuronal marker, or against NFATc1. Images were
taken either of nonstimulated (NS) neurons or over
a range of times after 50 K+ or ACh stimulation.
(C and D) Summary of these experiments. Trans-
location of NFATc1 was calculated as the nucleus/
cytoplasm ratio.
Data are shown as mean ± SEM.
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NFAT and AKAP150 Regulate M-Channel Transcriptionstimulation by 50 K+, or at 15–120 min after stimulation, and
imaged under confocal microscopy (Figure 5A); or (2) loaded
with fura-2, stimulated by 50 K+ for 10–15 min and simultaneous
[Ca2+]i and EGFP-NFATc1 imaging performed as before (Fig-
ure 5B). In both experiments, we found that translocation of
NFATc1 induced by 50 K+ stimulation was blocked by CsA or
the St-VIVIT peptide.
Perforated-patch experiments then tested the effect of block-
ing CaN/NFAT signaling on IM amplitudes. Neurons were pre-
treated with CsA, or the St-VIVIT peptide, 1 hr before and
throughout the 50 K+ stimulation, and studied after 48–60 hr.
Consistent with previous results, for the control neurons, we
observed significantly augmented IM amplitudes after 50 K
+
stimulation (1.90 ± 0.18 pA/pF, n = 18; p < 0.001), compared
with neurons treated with regular Ringer’s solution (0.95 ±
0.09 pA/pF, n = 10) (Figure 5C). Pretreatment with CsA or the
St-VIVIT peptide did not affect IM amplitudes in neurons treated
with regular Ringer’s solution (0.93 ± 0.16 pA/pF, n = 11, and
0.93 ± 0.12 pA/pF, n = 10, respectively), but both abolished
the effect of augmented IM amplitudes induced by 50 K
+ stimu-
lation (0.97 ± 0.08 pA/pF. n = 17, p < 0.001, and 0.87 ± 0.11 pA/
pF, n = 10, p < 0.001, respectively) (Figures 5C and 5D).
KCNQ2 and KCNQ3 Genes Are Regulated by NFAT
To prove that NFAT-mediated transcriptional regulation is caus-
ative of stimulation-induced increases in M-channel expression
and IM upregulation, we sought to localize the site(s) of NFATc1
and NFATc2 on KCNQ2 and KCNQ3-channel promoter/Neuron 76, 1133–1146, Deenhancer regions. Thus, we developed
luciferase (firefly)-reporter assays using
various promoter/enhancer domains,
constructed by PCR from KCNQ2 and
KCNQ3 genomic DNA. Instead of trans-
fecting the reporter constructs in SCG
neurons, which has a very low efficiency,
we used the PC12 sympathetic neuron-
like cells, which express M channels (Vil-
larroel, 1996) and NFATs (Cano et al.,
2005) that are activated by CaN dephos-
phorylation (Canellada et al., 2006). We
first performed a bioinformatic analysis
of the promoter and first-intron regions
of rat KCNQ2 and KCNQ3 genes to lookfor potential NFAT-binding domains, using the program MatIns-
pect (version 3.3) (http://www.genomatix.de/cgi-bin/./eldorado/
main.pl), and found three such domains in KCNQ2 and one in
KCNQ3, containing five total potential NFAT-binding sites with
the core motif GGAAA or TTTCC. Thus, we made four lucif-
erase-reporter constructs encompassing the corresponding
putative NFAT-binding domains, with luciferase expression as
the readout for NFAT activation and binding to the reporter
constructs (Figure 6A).
PC12 cells were transfected with the four luciferase-reporter
constructs encompassing the corresponding putative NFAT-
binding domains, and a constitutively active Renilla reniformis
luciferase construct. One day later, the cells were stimulated
as before by regular Ringer’s, high K+, or ACh for 15 min, with
termination by returning the cells to the culture medium. Cells
were lysed after 2 days, and the resulting luciferase lumines-
cence was measured. Figure 6B shows the results from
KCNQ2 reporter constructs Q2RC1–Q2RC3 and the KCNQ3
reporter construct, Q3RC1. Significant firefly luciferase lumines-
cence, normalized to the Renilla luciferase control, was
observed 3 days after transfection for constructs Q2RC1–
Q2RC3 and Q3RC1. Moreover, the luminescence increased at
least 2-fold (p < 0.001) for constructs Q2RC1, Q2RC2, and
Q3RC1, but not for construct Q2RC3, following stimulation of
the cells by high K+ or by ACh (n = 5). There was a negligible
response from cells transfected with empty vector for any stim-
ulation. Our luciferase data predict regions Q2RC1 and Q2RC2
of the KCNQ2 gene and Q3RC1 of the KCNQ3 gene to be criticalcember 20, 2012 ª2012 Elsevier Inc. 1137
Figure 5. Inhibition of CaN/NFAT Signaling
Pathways Abolishes Activity-Dependent
Upregulation of M-Channel Expression
(A) Confocal images of SCG neurons immuno-
stained with the nuclear stain DAPI and with anti-
bodies against TH and NFATc1. Images were
taken either of nonstimulated (NS) neurons or over
a range of times after 50 K+ stimulation in the
presence of a stearated (St), membrane-perme-
able peptide (St-VIVIT) that competes with CaN
binding to NFAT. Summary of the experiment is
shown below. Control data (no St-VIVIT) are
superimposed, reproduced from Figure 4C.
(B) Live-cell simultaneous imaging of [Ca2+]i and
EGFP on rat SCG neurons transfected with EGFP-
NFATc1, with CsA-added 50 K+ solution.
(C) Shown are representative M-current traces
from rat SCG neurons stimulated by high K+, or
Ringer only, either alone, or in the presence of the
St-VIVIT peptide or CsA, applied for 1 hr before
and at the time of stimulation.
(D) Bars summarize the current density for the
groups of cells as in (C). Data are shown asmean ±
SEM. ***p < 0.001.
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for 1 hr before stimulation by high K+ or ACh did not alter the
basal firefly luciferase luminescence for any of the reporter
constructs; however, the increased luciferase luminescence
induced by high K+ or ACh was abrogated (n = 5) (Figure 6C),
suggesting that the reporter signals are due to CaN/NFAT.
AKAP150–/– Mice Lack NFATc1 Nuclear Translocation
and Augmented Expression of M Channels
AKAP79/150 recruits CaN to multiple targets (Wong and Scott,
2004), including the CaV1.2 Ca
2+ channel that serves as the
Ca2+- and activity-dependent reporter that drives NFATc4 acti-
vation in the hippocampus (Oliveria et al., 2007). Thus, we
probed the involvement of AKAP79/150 in CaN/NFAT regulation
of M-channel expression in SCG neurons isolated from
AKAP150+/+ (WT) and AKAP150/ (KO) mice. We first trans-
fected SCG neurons isolated from both groups of mice with
EGFP-NFATc1 and simultaneously monitored [Ca2+]i and
EGFP-NFATc1 localization as previously described. We
observed similar [Ca2+]i elevations for neurons isolated from1138 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc.both WT and KO mice (n = 14 and 20,
respectively) but NFAT nuclear transloca-
tion only for neurons from WT mice
(Figures 7A and 7B). Such data are
summarized in Figures 7C and 7D (for
statistics, see Supplemental Information).
Thus, the absence of AKAP150 abolishes
NFATc1 nuclear translocation induced
by 50 K+ stimulation. We then compared
IM levels between neurons isolated
from AKAP150+/+ and AKAP150/ mice
by patch-clamp electrophysiology. As
before,mouse SCGneuronswere treated
with regular Ringer’s or 50 K+ solutions,and IM amplitudes were evaluated after 48–60 hr. There was
no statistical difference in IM amplitudes from the two groups
of neurons when treated with Ringer’s solution (0.87 ± 0.05,
n = 18, and 0.83 ± 0.09, n = 20), suggesting that the lack of
AKAP150 does not affect basal expression levels of M channels.
However, the effect of augmented IM amplitudes after 50 K
+
treatment (1.28 ± 0.08 pA/pF, n = 38; p < 0.01) was wholly absent
in neurons from AKAP150/ mice (0.81 ± 0.08 pA/pF, n = 28)
(Figures 8A and 8B).
Transfection of AKAP79 in AKAP150–/– Neurons
‘‘Rescues’’ the Activity-Dependent Transcriptional
Upregulation of M Channels
To test whether the aforementioned result in AKAP150 KO
neurons is truly due to the lack of AKAP150, such neurons
were transfected with WT AKAP79, AKAP79 with a PKC-binding
domain deletion (DA-AKAP79) (Klauck et al., 1996; Zhang et al.,
2011), or AKAP79 with a CaN-binding domain deletion
(AKAP79DCaN) (Klauck et al., 1996; Oliveria et al., 2007) to
‘‘rescue’’ the responses of augmented expression of M channels
Figure 6. KCNQ2 and KCNQ3 Genes Are
Regulated by NFAT
(A) Shown are the putative NFAT-binding domains
on rat KCNQ2 and KCNQ3 promoter or first-intron
regions and the luciferase-reporter constructs to
be tested. The numbering is relative to the initial
methionine, defined as +1. The domains cloned
into vector pGL3-Basic are shown as the purple
boxes, and the predicted NFAT-binding sites are
the blue boxes with the AAAGG or CCTTT
consensus motif for NFAT binding capitalized.
(B and C) Bars are the luminescence from firefly
luciferase (Luc), normalized to the Renilla lucif-
erase as the internal control, for KCNQ2 reporter
constructs #1, #2, and #3 and KCNQ3 reporter
construct #1 transfected into PC12 cells. Bars
show the response at 2 days after treatment with
50 K+, ACh (1 mM), or Ringer only, either alone (B),
or in the presence of Cyclosporine A (C) for 1 hr
and at time of stimulation, applied 24 hr after
transfection. Data are shown as mean ± SEM.
***p < 0.001.
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NFAT and AKAP150 Regulate M-Channel Transcriptionafter high-K+ stimulation. Transfection of EGFP-tagged AKAP79
(n = 9) or DA-AKAP79 (n = 16), but not AKAP79DCaN (n = 9), in
the AKAP150/ neurons restored the augmented IM amplitudes
after 50 K+ stimulation, suggesting the role of AKAP79/150 and
its recruited CaN, but not PKC, in NFAT-mediated regulation of
M-channel expression (Figure 8C). Within the CaN-binding site
on AKAP79/150 is the sequence, PIAIIIT, satisfying the con-
sensus CaN-binding sequence PIXIXIT, and its deletion prevents
the CaN-AKAP79/150 interaction (Oliveria et al., 2007). This
deletion mutant (AKAP79DPIX) also failed to rescue the
responses of augmented IM amplitudes after 50 K
+ stimulation
in AKAP150 KO neurons (n = 9) (Figures 8C and 8D; for statistics,
see Supplemental Information). We noticed that the ‘‘rescued’’
upregulation of IM in AKAP150
/ neurons transfected with
AKAP79 or DA-AKAP79 was significantly larger than those in
neurons from AKAP150+/+ mice (compare Figures 8B and 8D;
p < 0.01), probably because AKAP79 was overexpressed in
these neurons. However, such AKAP79 overexpression did not
upregulate IM amplitudes in neurons treatedwith regular Ringer’s
solution, further confirming the role of AKAP79/150 and CaN-
mediated NFAT signaling in activity-dependent, but not tonic,
transcriptional regulation of M channels.
NFAT-Mediated Activation of M-Current Transcription
Requires Local Ca2+ Influx through L-type Ca2+
Channels and Global Ca2+ Rises
To determine the source of Ca2+i signal that activates the
CaN/NFAT, we tested the effect of bradykinin (BK) receptor
stimulation, nominally Ca2+-free external solution, or various
subtype-specific Ca2+-channel blockers on both NFAT nuclear
translocation and upregulation of IM amplitude.
We first explored whether NFAT activation requires influx of
Ca2+ through the plasma membrane, using imaging on SCG
neurons fromWTmice transfected with EGFP-NFATc1. NeuronsNeloaded with fura-2 were stimulated by either BK (250 nM), which
stimulates Gq/11-coupled B2 receptors to induce Ca
2+ release
from IP3-sensitive Ca
2+
i stores (Cruzblanca et al., 1998; Gamper
and Shapiro, 2003; Zaika et al., 2007), or nominally Ca2+-free
external 50 K+ solution, for 10–15 min and then switched back
to nominally Ca2+-free Ringer’s. BK induced an obvious [Ca2+]i
elevation, but EGFP-NFATc1 nuclear translocation was not
observed (n = 22; Supplemental Information; Figure S1A). For
neurons stimulated in Ca2+-free external solution, we observed
neither a [Ca2+]i elevation nor EGFP-NFATc1 translocation (n =
12; Figure 9A). We next used 50 K+ (or ACh) solution added
with (1) the L-type Ca2+-channel (L-channel) blocker nifedipine
(10 mM), (2) the N-typeCa2+-channel (N-channel) blocker,u-con-
otoxin GVIA (Boland et al., 1994) (u-CgTX, 1 mM), or (3) the P/Q-
type Ca2+-channel blocker, u-agatoxin-TK (Adams et al., 1993)
(u-Aga-TK, 400 nM) on WT neurons to study which Ca2+ chan-
nels are critical for CaN/NFAT signaling. We found u-Aga-TK
to affect neither Ca2+ responses nor EGFP-NFATc1 nuclear
translocation (n = 14; Figure 9D). With nifedipine added to
the 50 K+ or ACh solution, the [Ca2+]i elevation was undimin-
ished, but we did not observe EGFP-NFATc1 nuclear trans-
location (Figure 9B, n = 19, and Figure S1B, n = 8). When
u-CgTX was added to the 50 K+ solution, both the [Ca2+]i eleva-
tions and the EGFP-NFATc1 nuclear translocation were also
diminished (n = 19; Figure 9C). Such data are summarized in
Figures 9G and 9H (for statistics, see Supplemental Informa-
tion). Thus, influx of external Ca2+ ions through both L and N
channels is required for NFAT nuclear translocation in sympa-
thetic neurons.
We suspected that (1) NFAT activation requires AKAP79/150
to target CaN to L channels, and CaN activated by localized
high [Ca2+]i elevations close to the inner mouth of open L chan-
nels; and (2) NFAT translocation requires global [Ca2+]i eleva-
tions, most easily through N channels. We did two experimentsuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc. 1139
Figure 7. AKAP150–/– Mice Lack NFATc1
NuclearTranslocationafter50K+Stimulation
(A and B) Shown are images of the fura-2 and
EGFP from WT (A) or AKAP150/ (B) SCG
neurons transfected with EGFP-tagged NFATc1,
with intensities of 340/380 nm ratio and EGFP
plotted from images acquired every 15 s during the
experiments.
(C and D) Bars summarize data from groups of
cells as in (A) and (B) for fura-2 and EGFP imaging,
respectively. Data are shown as mean ± SEM.
***p < 0.001. nuc/cyto, nucleus/cytoplasm.
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NFATc1 was tested on WT neurons loaded with either the slow
Ca2+ chelator, EGTA, or the fast Ca2+ chelator, BAPTA, both
loaded in the cell as the cell-permeant AM-ester (Figure 9F).
EGFP-NFATc1 nuclear translocation induced by high-K+ stimu-
lation was dramatically suppressed by BAPTA (n = 23), consis-
tent with our hypothesis that the initiation of NFAT signals
depends on local [Ca2+]i rises. However, EGTA yielded highly
divergent results among cells, which we suspected was due to
variable loading of EGTA-AM. Fura-2 imaging from these cells
confirmed this (Figure S1F), and these cells were then further
analyzed into two groups. The ‘‘NS’’ (nonsignificant) group of
cells had no statistical increase of [Ca2+]i (D340/380 < 0.05, n =
9) and no NFATc1 nuclear translocation, whereas the ‘‘S’’ group
were those with significant [Ca2+]i rises (D340/380 > 0.05, n = 12;
p < 0.001) and displayed noticeable, although slower and
smaller, NFATc1 nuclear translocations (Figure 9F), consistent
with a requirement for global [Ca2+]i elevations in addition to local
ones. Second, solutions that failed to induce NFATc1 transloca-
tion in previous experiments were altered to fulfill the require-
ment of ‘‘local’’ plus ‘‘global’’ [Ca2+]i rises: the 50 mM K
+ +
u-CgTX solution was combined with FPL-64716, or with BK.
Both cocktail solutions restored the elevated global [Ca2+]i
responses and restored the NFATc1 nuclear translocation
induced by high-K+ stimulation (Figure 9E, n = 12; Figure S1C,
n = 6). Such data are summarized in Figures 9G and 9H (for
statistics, see Supplemental Information). Taken together, our
data are best explained by such local Ca2+i signals occurring in1140 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc.microdomains containing AKAP79/150-
orchestrated Ca2+-binding molecules,
such as CaN and CaM, and L channels,
which function as the activity reporter
that links neuronal activity with NFAT-
mediated transcriptional regulation (see
Discussion).
IM amplitudes and the expression level
of KCNQ2 and KCNQ3 transcripts were
also assayed under these same condi-
tions. Consistent with the EGFP-NFATc1
translocation results, there was no
enhancement of IM amplitudes in WT
SCG neurons that had been stimulated
with zero Ca2+-added (0.71 ± 0.09 pA/
pF, n = 10), or nifedipine-added 50 K+solutions (0.81 ± 0.05 pA/pF, n = 9), compared with neurons
stimulated under regular Ringer’s solution (0.87 ± 0.05 pA/pF,
n = 18) (Figures 10A and 10B). qPCR was also performed from
WT SCG neurons 7 hr after perfusion of regular Ringer’s, 50
K+, 50 K+ with CsA, or 50 K+ with nifedipine solutions for
15 min. We detected significant increases in the amount of
both KCNQ2 and KCNQ3 mRNA in neurons depolarized by 50
K+ (3.2 ± 0.8 and 3.9 ± 0.7, n = 4; p < 0.01). This elevated expres-
sion of KCNQ2 and KCNQ3 mRNA was suppressed when CsA
(1.05 ± 0.20 and 1.41 ± 0.15, n = 4) or nifedipine (1.25 ± 0.28
and 1.61 ± 0.50, n = 4) was present during the stimulation (Fig-
ure 10C). Thus, removal of external Ca2+, blockade of CaN, or
addition of nifedipine during stimulation eliminates NFATc1
nuclear translocation and augmented KCNQ2/3 mRNA and IM
amplitudes, suggesting the critical role of CaN and L-type chan-
nels for transcriptional regulation of M channels.
Seizures Induce Dramatic Augmentation of KCNQ2
and KCNQ3 Transcription, Requiring AKAP79/150
Our discovery that M-channel transcription is regulated by
neuronal activity through NFAT/CaN signaling in sympathetic
neurons led us to think that this may generalize throughout the
nervous system to limit neuronal hyperexcitability. Thus, we
measured the relative expression level of KCNQ2 and KCNQ3
transcripts in a pathological animal model of neuronal hyperex-
citability, chemoconvulsant-induced seizures in mice. As the
part of the brain often serving as the focal point for dangerous
human seizures, we focused on the hippocampus. We used
Figure 8. AKAP150–/– Mice Lack Aug-
mented Expression of M Channels after 50
K+ Stimulation, which Is ‘‘Rescued’’ by
Transfection of AKAP79
(A) Shown are current traces recorded from SCG
neurons isolated fromAKAP150+/+ or AKAP150/
mice 2–3 days after treatment with 50 mM K+, or
Ringer only.
(B) Bars summarize the current density for the
groups of cells as in (A).
(C) Neurons from AKAP150/ mice were trans-
fected with WT AKAP79, or the indicated
mutants that lack the PKC (DA-AKAP79) or CaN
(AKAP79DCaN)-binding domains, or the CaN-
binding sequence, PIAIIIT (AKAP79DPIX). Shown
are representative current traces recorded from
such neurons 2–3 days after treatment with 50 K+,
or regular Ringer’s.
(D) Bars summarize the current density for the
groups of cells as in (C).
Data are shown as mean ± SEM. **p < 0.01.
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NFAT and AKAP150 Regulate M-Channel Transcriptionthe pilocarpine as well as kainic acid (KA) convulsant-seizure
models of inducing status epilepticus (Leite et al., 2002), which
corrects for any confound of altered M currents from muscarinic
agonist (pilocarpine), rather than from hyperactivity. Visual
scoring of seizure behavior was performed on each mouse (0,
no phenotype; 1, vacant stare; 2, tremors and ‘‘sticky’’ feet; 3,
flag pole tail; 4, full clonus), and only mice obtaining a score of
three or four within 60 min after drug administration were used.
We did not notice significantly different seizure stages in WT
and AKAP150/ mice as previously reported by Tunquist
et al. (2008), except in response to the first dose of KA (Figure S2).
Hippocampi were isolated from mice 16–20 hr after intrapleural
administration of either pilocarpine or KA, or only vehicle as
a control, total RNA was extracted, and qPCR was performed.
Indeed, a profound augmentation of both KCNQ2 and KCNQ3
mRNA was observed in mice after seizures induced by pilocar-
pine (27.9 ± 6.7-fold and 9.3 ± 2.2-fold, n = 18) or KA (8.7 ±
2.3-fold and 3.1 ± 0.6-fold, n = 25), compared with control
mice injected with vehicle (1.1 ± 0.05-fold and 1.1 ± 0.10-fold,
n = 17) (Figures 10D and 10E). This profoundly increased
mRNA of both KCNQ2 and KCNQ3 in hippocampi from mice
subjected to seizures is much greater than that seen from 50
K+ or ACh treatment in cultured sympathetic neurons, suggest-
ing that seizures induce exaggeration of this transcriptional regu-
lation and could be conserved throughout the nervous system as
a protective mechanism against hyperexcitability disorders such
as epilepsy. Our mechanism predicts that this profound increase
induced by seizures should likewise be dependent on AKAP150.
Indeed, in AKAP150/ mice, there was almost no upregulation
of KCNQ2 and KCNQ3 mRNA after pilocarpine-induced (1.5 ±
0.1 and 1.4 ± 0.1, n = 14) or KA-induced (1.8 ± 0.4 and 1.6 ±
0.2, n = 18) seizures (Figures 10D and 10E), confirming the
central role of AKAP150 in this phenomenon.NeDISCUSSION
Our Model for Activity-Dependent Regulation
of M-Channel Transcription
Here, we show neuronal activity to closely regulate M-channel
transcription, likely as a negative feedback loop that limits
neuronal hyperexcitability. AKAP79/150 associates with L-type
(CaV1.3) Ca
2+ channels and orchestrates a signaling complex
that includes bound PKA, CaM, and CaN in this microdomain.
CaV1.3 channels serve as the critical ‘‘sensor’’ of activity and
depolarization, and their opening creates an elevated local
Ca2+i signal, which activates CaN bound to AKAP79/150 in the
microdomain of elevated local [Ca2+]i. Upon Ca
2+
i/CaN signals,
both NFATc1 and NFATc2 are dephosphorylated and translo-
cate from the cytoplasm to the nucleus, where they act on
KCNQ2 and KCNQ3 gene regulatory elements, upregulating
IM, thus reducing excitability (Figure 10F). In a variety of neurons,
AKAP79/150 orchestrates PKA to phosphorylate and upregulate
the activity of L-type Ca2+ channels, amplifying the responses to
depolarization induced by neuronal activity. In the hippocampus,
CaN counterbalances PKA actions since the Ca2+ ions that enter
the cell through L channels participate in inactivating those same
channels via CaN (Hall et al., 2007; Oliveria et al., 2007).We show
that in the same protein complex in which PKA augments L
currents, AKAP79/150 directs CaN to activate NFAT and initiate
a longer-term feedback loop that upregulates M-channel
expression, thus countering increased neuronal excitability.
This seeming dual competing action of AKAP79/150 is unex-
pected and intriguing.
Recent structural and biochemical studies have revealed the
stoichiometry of the core AKAP79 complex as a dimer with
two CaN heterodimers, a PKA homodimer, with PKA binding to
each AKAP79 protomer (Gold et al., 2011). Thus, there lies theuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc. 1141
Figure 9. NFATc1 Nuclear Translocation
Requires Local Ca2+ Influx through L-type
Ca2+ Channels and Global Ca2+ Rises
(A–E) Shown are images of the fura-2 340/380 nm
ratio and EGFP fromWT SCG neurons transfected
with EGFP-NFATc1, with zero external Ca2+ (A), or
10 mM nifedipine (B), 1 mM u-conotoxin GVIA (u-
CgTX, C), 400 nM u-agatoxin-TK (u-Aga-TK, D),
or u-CgTX+ L-type Ca2+-channel agonist FPL-
64716 (E) added to the 50 mM K+ solution, with
intensities of the 340/380 nm ratio and EGFP
plotted from images acquired every 15 s during the
experiments.
(F) Shown are images of EGFP from WT SCG
neurons transfected with EGFP-NFATc1, with
BAPTA-AM, or EGTA-AM loaded for 30min before
50 K+ stimulation, with intensities of EGFP plotted
from images acquired every 15 s during the
experiments. EGTA data were grouped into NS
(nonsignificant) and S (significant) [Ca2+]i rises.
(G and H) Bars summarize data from groups of
cells as in (A)–(F) for fura-2 and EGFP imaging,
respectively. Data are shown as mean ± SEM.
***p < 0.001.
See also Figure S1.
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PKC, and CaN to both L-type Ca2+ channels and M-type K+
channels, but it also physically couples one channel to the
other in the same macromolecular complex, perhaps via the
two protomers of the AKAP79/150 dimer (Gold et al., 2011).
Both channels are widespread with overlapped expression in
the nervous system, with KCNQ2/3 clustered at the axon initial
segments and nodes of Ranvier (Devaux et al., 2004; Klinger
et al., 2011; Pan et al., 2006; Shah et al., 2008), and L channels
concentrated in the cell bodies and proximal dendrites of central
neurons (Hell et al., 1993). Recent findings in ventricular myo-
cytes might shed some light on the role of AKAP79/150 in phys-
ical coupling between ion channels. CaV1.2 channels in those
cells physically interact with each other at their carboxyl tails
by AKAP79/150, resulting in the amplification of Ca2+ influx
and excitation-contraction coupling (Dixon et al., 2012). Thus,
the interaction between L channels and M channels could serve
to fine-tune the activity of various neural circuits in an activity-
dependent manner.1142 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc.What Is the Source of Ca2+ Signal
that Activates NFAT/CaN
Signaling?
Why should L channels, which underlie
no more than 15% of ICa in rodent SCG
neurons, be so critical for NFAT activa-
tion? Our hypothesis is that opening of
specifically CaV1.3, as the dominant L
channel in SCG (Lin et al., 1996), creates
an elevated local Ca2+i signal that is
sensed by CaM and CaN recruited by
AKAP79/150 to the microdomain of
CaV1.3 channels. Although we did not
rigorously test for physical associationof AKAP79/150 with CaV1.3 channels using FRET or coIP as
was done in the hippocampus for CaV1.2 (Oliveria et al., 2007),
we strongly predict that such intimate association must be the
case also in sympathetic ganglia. Interestingly, blockade of the
N channels that dominate ICa in sympathetic neurons also abol-
ished NFATc1 nuclear translocation, in addition tomost of the 50
K+ or ACh-induced [Ca2+]i rises. Another lab investigating NFAT
translocation in the same SCG cells has suggested that influx
through N, not L, channels to be the driving force for NFAT acti-
vation by electrical stimulation (Herna´ndez-Ochoa et al., 2007),
a result that might be compatible with the dual requirement
found here. If L channels play a central role in CaN/NFAT activa-
tion by clustering the CaV1.3/CaM/CaN complex through
AKAP79/150, why then is there a requirement for N channels?
CaN is thought to rapidly dissociate from the AKAP79 complex
to interact with NFAT (Li et al., 2012). Dephosphorylated NFAT
then translocates from cytoplasm to nucleus, which requires at
least 5–10 min. During this period, NFAT must remain dephos-
phorylated and CaN activated. CaN is believed to remain bound
Figure 10. Seizures Induce Dramatic
Augmentation of KCNQ2 and KCNQ3-
Channel Transcription in the Hippocampus,
Requiring AKAP79/150
(A) Shown are representative M-current traces
recorded from WT SCG neurons 2–3 days after
treatment with either zero Ca2+ or 10 mMnifedipine
added 50 mM K+, or Ringer only.
(B) Bars summarize the current density for the
groups of cells as in (A).
(C) Bars summarize the fold increase in KCNQ2
and KCNQ3 mRNA from WT SCG neurons after
stimulation by 50 mM K+, either alone or with
cyclosporine A (CsA) or nifedipine added. Data are
normalized to the expression of b-actin RNA.
(D and E) Bars summarize the fold increase of
KCNQ2 (D) and KCNQ3 (E) mRNA after seizures
induced by pilocarpine or kainic acid (KA) in
hippocampi from AKAP150+/+ or AKAP150/
mice. Data are normalized to the expression
of b-actin RNA. Data are shown as mean ± SEM.
*p < 0.05, **p < 0.01.
(F) Model for activity-dependent transcriptional
regulation of M-channel expression. Neuronal
activity regulates KCNQ2 and KCNQ3 transcrip-
tion, acting as a negative feedback loop that limits
neuronal hyperexcitability. AKAP79/150 binds to
L-type (CaV1.3) Ca
2+ channels and orchestrates
a signaling complex that includes bound PKA,
CaM, andCaN (and other proteins not shown here)
in microdomains. L/CaV1.3 channels serve as the
critical ‘‘sensor’’ of depolarization, and opening of
L/CaV1.3 channels creates an elevated local Ca
2+
i
signal. By binding to AKAP79/150 in the micro-
domains containing the local Ca2+i signal, CaN is
activated, NFAT dephosphorylated and activated
by Ca2+-CaM/CaN, resulting in translocation of
NFAT from the cytoplasm to the nucleus, where it
acts on KCNQ2 and KCNQ3 gene regulatory
elements.
See also Figure S2.
Neuron
NFAT and AKAP150 Regulate M-Channel Transcriptionto NFAT to keep it dephosphorylated during its import into the
nucleus. What keeps CaN activated even when it translocates
away from the ‘‘local’’ elevated [Ca2+]i near the mouth of L chan-
nels? We believe it is the globally elevated [Ca2+]i, mostly medi-
ated by the N channels that underlie the majority of ICa in SCG
cells. However, the globally elevated [Ca2+]i need not have
come specifically from N channels. Thus, when the L-channel
agonist FPL-64716 or BK was included in the 50 K++u-CgTX
solution, the elevated global [Ca2+]i signal and NFATc1 translo-
cation were restored. The free [Ca2+] needed to occupy the
low-affinity sites on apoCaN and cause modest activation is
around 1 mM, with Vmax increased more than 20-fold in the pres-
ence of Ca2+/CaM (Feng and Stemmer, 2001; Klee et al., 1998).
Such a 1 mM [Ca2+]i is consistent with the globally elevated [Ca
2+]i
expected from stimulating SCG cells (Gamper and Shapiro,
2003). Clearly, our hypothesis needs to be confirmed byNeuron 76, 1133–1146, Debiochemical studies of the Ca2+/CaM
affinity of CaN when it is bound to
AKAP79/150, or to NFAT.We find translo-cation of NFATc1/c2 to lag well behind the induced Ca2+i rises,
similar to that seen in BHK cells or Jurkat lymphocytes, in which
NFAT was shown to be rapidly dephosphorylated by CaN, but
NFAT nuclear import to be >10-fold slower. This phenomenon
has been described as providing for a ‘‘working memory of
Ca2+i signals’’ (Kar et al., 2012; Tomida et al., 2003), but the
mechanism responsible for this temporal discrepancy is, as
yet, unclear.
Our work in sympathetic ganglia should be compared with
similar lines of inquiry in DRG sensory neurons, where CaN/
NFAT signals have been shown to be triggered by multiple
mechanisms. In those cells, NFAT translocation occurs down-
stream of [Ca2+]i rises not only by influx of Ca
2+ from depolariza-
tion that opens VGCCs, such as from trains of action potentials,
opening of TRPV channels, or high-K+ stimulation (Kim and Usa-
chev, 2009), but also by release of Ca2+ from internal Ca2+cember 20, 2012 ª2012 Elsevier Inc. 1143
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2+ release from stimulation of
Gq/11-coupled BK receptors (Jackson et al., 2007). However, in
SCG such Ca2+i signals from internal stores induced by BK alone
aremuch smaller and could not activate NFAT but were sufficient
for the global [Ca2+]i rise that we suggest maintains NFAT active
during its transit into the nucleus. As to the induction of NFAT
translocation by TRPV activation in DRG neurons, we suggest
that mechanism to be akin to the NFAT translocation induced
by AChR stimulation seen here in SCG cells. For the latter, our
model supposes the AChRs to cause NFAT translocation not
from Ca2+ influx through the AChRs themselves but from robust
depolarization, which opens L channels, beginning the CaN/
NFAT cascade. We suggest that the TRPV mechanism on
NFAT in sensory neurons could be similar, especially since Kim
and Usachev (2009) did not block L channels during their capsa-
icin stimulations. Finally, the NFAT isoform shown to translocate
in an L-channel-dependent manner in hippocampal neurons is
NFATc4 (Oliveria et al., 2007), whereas we found translocation
only for NFATc1 and NFATc2, but not NFATc3 and NFATc4.
Probably, distinct NFAT subtypes are activated in distinct
neuronal types.
M Current as an ‘‘Antiepileptogenic’’ versus
‘‘Anticonvulsant’’ Target
Identified frompatientswith inherited neonatal syndrome, benign
familial neonatal convulsions (BFNCs), M channels formed by
KCNQ2/3 heteromers have proven a promising therapeutic anti-
epileptic target. Although more than 20 antiepileptic drugs,
including the M-channel opener, retigabine, are available on
the market, one-third of patients cannot control their epilepsy
satisfactorily due to various reasons, one of which is the fact of
these drugs being only seizure suppressing, or ‘‘anticonvulsant,’’
but not seizure preventing, or ‘‘antiepileptogenic’’ (Stafstrom
et al., 2011). Transcription of KCNQ2/3 genes has been sug-
gested to bedevelopmentally regulated (Hadley et al., 2003; Tinel
et al., 1998), which may underlie the remission of BFNCs seen in
the clinic. Here, we show that transcription of KCNQ2 and
KCNQ3 subunits is upregulated by stimulation, with massive up-
regulation in hippocampi after seizures. Thus, as an important
‘‘antiepileptic’’ target to suppress seizures, M channels may
also be as critical a pharmacological ‘‘antiepileptogenic’’ target
to prevent recurrent seizures, i.e., epilepsy. Another lab showed
AKAP150/ mice to be resistant to chemically induced seizure
onset (Tunquist et al., 2008), although our findings in that regard
aremuchmore subtle. Indeed, we find that the profound upregu-
lation of KCNQ2 and KCNQ3 transcription levels after such
seizures is nearly abrogated in hippocampi isolated from
AKAP150/ mice, suggesting that these mice would be much
more vulnerable to epileptogenesis after seizures. This prediction
will be very interesting to test, although other factors involved in
enhanced seizure susceptibility, such as decreased GABAA
expression, changes in HCN-channel expression, or activation
of inflammatory responses (Rakhade and Jensen, 2009), must
be controlled for. Interestingly, strong upregulation of CaN and
BDNF mRNA and protein levels has been reported after
hypoxia-, pilocarpine-, or KA-induced seizures (Rakhade and
Jensen, 2009), suggesting anothermechanismbywhich seizures
should increase CaN-dependent transcriptional actions.1144 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier IncThe events cocoordinated by AKAP proteins range spatially
from the membrane to the nucleus, and temporally over many
orders of magnitude, from the second to the lifetime of the
organism. These signaling complexes could play important
roles to limit epileptic seizures and to restrict undue long-
term, highly plastic phenomena, such as limiting unnecessary
formation of dendritic connections and superfluous, or redun-
dant, circuits in the brain. Both KCNQ2 transgenic dominant-
negativemice and AKAP150mutant or KOmice display impaired
hippocampus-dependent learning and memory, with the latter
exhibiting deficits in strength and motor coordination as well
(Peters et al., 2005; Tunquist et al., 2008; Weisenhaus et al.,
2010). Additionally, malfunction of AKAP79/150-NFAT signaling
may underlie exaggerations of cerebral mood and disease
syndromes of the peripheral nervous system, such as chronic
pains and cardiovascular dysfunction.
EXPERIMENTAL PROCEDURES
AKAP150 KO Mice
AKAP150+/+ and AKAP150/mice (C57BL/6 background) at UTHSCSA (orig-
inally supplied to us by Dr. G. Stanley McKnight, University of Washington)
were housed in groups of five and maintained under a 12:12 hr light-dark cycle
with food and water provided ad libitum. Mice were backcrossed (+/+ 3 / to
yield +/) every sixth generation. All rodents were housed and cared for in
accordance with procedures approved by the Institutional Animal Care and
Use Committee of UTHSCSA. Detailed characterization of the AKAP150/
mice has been described (Zhang et al., 2011).
Perforated-Patch Electrophysiology
M currents in SCG cells were studied by holding the membrane potential at
25 mV and applying a 500 ms hyperpolarizing pulse to 60mV every 5 s.
IM amplitude was measured at 60 mV from the decaying time course of the
deactivating current sensitive to the M-channel-specific blocker XE991 (Zac-
zek et al., 1998). Further details are in Supplemental Experimental Procedures.
Quantitative Real-Time PCR (qPCR)
SCG neurons were prepared using the protocol described in Supplemental
Experimental Procedures. Cytosine arabinoside (Ara-c, 5 mM) as a mitotic
inhibitor was added in the medium to prevent astrocyte growth. On day 2
in vitro, neurons were stimulated by application of 50 mM K+ or ACh (1 mM)
for 15 min. Stimulation was terminated by returning the neurons in culture
medium. Experiments were repeated at least three times using RNA collected
from at least three separate SCG cultures, and each culture was prepared
from >15 rats or mice.
Dual-Luciferase-Based Gene Reporter Assays
PC12 cells were cotransfected with plasmids encoding a luciferase (firefly)-
based reporter and a constitutively active Renilla reniformis luciferase under
the control of a thymidine kinase promoter (pRL-TK; Promega, Madison, WI,
USA) by the Lipofectamine 2000 reagent (Invitrogen; 11668-019). Twenty-four
hours later, the cells were stimulated by application of high K+ or ACh (1 mM)
for 15 min. In experiments with inhibitors, the cells were exposed to the inhibi-
tors (CsA, st-VIVIT) for 1 hr and then treatedwith high-K+ stimulation in solutions
containing the inhibitors. Two days after stimulation, cells were lysed, the
activity of each luciferase construct was measured sequentially on a TD-20/
20 luminometer (Turner Biosystem, Sunnyvale, CA, USA), and data were calcu-
lated according to the instructions of the Dual-Luciferase Reporter Assay
System kit (Promega). Each experiment was conducted as least three times.
Simultaneous Imaging of [Ca2+]i and GFP-Labeled NFAT Isoforms
Rat or mice SCG neurons transfected with EGFP-NFATc1–NFATc4 were bath
loaded with the Ca2+-sensitive indicator fura-2 (fura-2 AM, 2 mm) for 30 min at
37C in the presence of pluronic acid (0.01%). [Ca2+]i elevation and nuclear.
Neuron
NFAT and AKAP150 Regulate M-Channel Transcriptionimport of NFAT isoforms were induced by high-K+-induced depolarization or
nicotinic ACh receptor agonist ACh (1 mM). Cells were placed in a flowthrough
chamber mounted on the stage of an inverted Nikon Eclipse TE300 micro-
scope, perfused with standard Ringer’s solution. Fluorescence was excited
alternatively at 340, 380, and 470 nm (50–200 ms every 15 s) using a Poly-
chrome IV monochromator (TILL Photonics, Martinsreid, Germany) through
a FURA2/GFP filter cube. Data were processed using TILLvisION 4.0 and
ImageJ software and presented as mean ± SEM.
Pilocarpine and Kainic Acid (KA) Administration
One-month-old male mice (C57BL/6) were given subcutaneous injections of
(1) methyl scopolamine nitrate (1 mg/kg, in sterile saline) to reduce peripheral
cholinergic agonist-induced side effects, and 30min later pilocarpine (280mg/
kg, in saline); (2) KA (10 mg/kg, in saline) every hour for three times; or (3) saline
as negative control. Mice were closely observed during and 1 hr after pilocar-
pine or KA injections, and their seizure behaviors were assigned a rating for
each 15 min period according to a seizure-staging system adapted from
established (Racine, 1972) rodent seizure scales (Winawer et al., 2007).
SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, one movie, and Supplemental
Text and can be found with this article online at http://dx.doi.org/10.1016/
j.neuron.2012.10.019.
ACKNOWLEDGMENTS
We thank Pamela Reed for expert technical assistance. We thank Luke
Whitmire and Robert Brenner for assistance with the drug-induced seizure
assays. We also thank Nikita Gamper for comments on the manuscript,
Mark Dell’Acqua for various AKAP79 constructs and the St-VIVIT peptide,
John Scott for the AKAP150 construct, Yuriy Usachev for EGFP-tagged
NFATc1–NFATc4 constructs, and Luis Fernando Santana for the CA-NFAT
construct. This work was supported by NIH NINDS grants R01 NS43394
and ARRA R01 NS065138 to M.S.S.
Accepted: October 11, 2012
Published: December 19, 2012
REFERENCES
Adams, M.E., Mintz, I.M., Reily, M.D., Thanabal, V., and Bean, B.P. (1993).
Structure and properties of omega-agatoxin IVB, a new antagonist of P-type
calcium channels. Mol. Pharmacol. 44, 681–688.
Amberg, G.C., Rossow, C.F., Navedo, M.F., and Santana, L.F. (2004). NFATc3
regulates Kv2.1 expression in arterial smooth muscle. J. Biol. Chem. 279,
47326–47334.
Aramburu, J., Yaffe, M.B., Lo´pez-Rodrı´guez, C., Cantley, L.C., Hogan, P.G.,
and Rao, A. (1999). Affinity-driven peptide selection of an NFAT inhibitor
more selective than cyclosporin A. Science 285, 2129–2133.
Baxter, A.J., Dixon, J., Ince, F., Manners, C.N., and Teague, S.J. (1993).
Discovery and synthesis of methyl 2,5-dimethyl-4-[2- (phenylmethyl)
benzoyl]-1H-pyrrole-3-carboxylate (FPL 64176) and analogues: the first exam-
ples of a new class of calcium channel activator. J. Med. Chem. 36, 2739–
2744.
Boland, L.M., Morrill, J.A., and Bean, B.P. (1994). omega-Conotoxin block of
N-type calcium channels in frog and rat sympathetic neurons. J. Neurosci.
14, 5011–5027.
Canellada, A., Cano, E., Sa´nchez-Ruiloba, L., Zafra, F., and Redondo, J.M.
(2006). Calcium-dependent expression of TNF-alpha in neural cells is medi-
ated by the calcineurin/NFAT pathway. Mol. Cell. Neurosci. 31, 692–701.
Cano, E., Canellada, A., Minami, T., Iglesias, T., and Redondo, J.M. (2005).
Depolarization of neural cells induces transcription of the Down syndrome
critical region 1 isoform 4 via a calcineurin/nuclear factor of activated
T cells-dependent pathway. J. Biol. Chem. 280, 29435–29443.NeCruzblanca, H., Koh, D.S., and Hille, B. (1998). Bradykinin inhibits M current via
phospholipase C andCa2+ release from IP3-sensitive Ca
2+ stores in rat sympa-
thetic neurons. Proc. Natl. Acad. Sci. USA 95, 7151–7156.
Delmas, P., and Brown, D.A. (2005). Pathways modulating neural KCNQ/M
(Kv7) potassium channels. Nat. Rev. Neurosci. 6, 850–862.
Devaux, J.J., Kleopa, K.A., Cooper, E.C., and Scherer, S.S. (2004). KCNQ2 is
a nodal K+ channel. J. Neurosci. 24, 1236–1244.
Dixon, R.E., Yuan, C., Cheng, E.P., Navedo, M.F., and Santana, L.F. (2012).
Ca2+ signaling amplification by oligomerization of L-type Cav1.2 channels.
Proc. Natl. Acad. Sci. USA 109, 1749–1754.
Feng, B., and Stemmer, P.M. (2001). Ca2+ binding site 2 in calcineurin-B
modulates calmodulin-dependent calcineurin phosphatase activity.
Biochemistry 40, 8808–8814.
Gamper, N., and Shapiro, M.S. (2003). Calmodulin mediates Ca2+-dependent
modulation of M-type K+ channels. J. Gen. Physiol. 122, 17–31.
Gold, M.G., Stengel, F., Nygren, P.J., Weisbrod, C.R., Bruce, J.E., Robinson,
C.V., Barford, D., and Scott, J.D. (2011). Architecture and dynamics of an
A-kinase anchoring protein 79 (AKAP79) signaling complex. Proc. Natl.
Acad. Sci. USA 108, 6426–6431.
Gong, N., Bodi, I., Zobel, C., Schwartz, A., Molkentin, J.D., and Backx, P.H.
(2006). Calcineurin increases cardiac transient outward K+ currents via tran-
scriptional up-regulation of Kv4.2 channel subunits. J. Biol. Chem. 281,
38498–38506.
Graef, I.A., Mermelstein, P.G., Stankunas, K., Neilson, J.R., Deisseroth, K.,
Tsien, R.W., and Crabtree, G.R. (1999). L-type calcium channels and GSK-3
regulate the activity of NF-ATc4 in hippocampal neurons. Nature 401,
703–708.
Graef, I.A., Wang, F., Charron, F., Chen, L., Neilson, J., Tessier-Lavigne, M.,
and Crabtree, G.R. (2003). Neurotrophins and netrins require calcineurin/
NFAT signaling to stimulate outgrowth of embryonic axons. Cell 113, 657–670.
Hadley, J.K., Passmore, G.M., Tatulian, L., Al-Qatari, M., Ye, F., Wickenden,
A.D., and Brown, D.A. (2003). Stoichiometry of expressed KCNQ2/KCNQ3
potassium channels and subunit composition of native ganglionic M channels
deduced from block by tetraethylammonium. J. Neurosci. 23, 5012–5019.
Hall, D.D., Davare, M.A., Shi, M., Allen, M.L., Weisenhaus, M., McKnight, G.S.,
and Hell, J.W. (2007). Critical role of cAMP-dependent protein kinase
anchoring to the L-type calcium channel Cav1.2 via A-kinase anchor protein
150 in neurons. Biochemistry 46, 1635–1646.
Hell, J.W., Westenbroek, R.E., Warner, C., Ahlijanian, M.K., Prystay, W.,
Gilbert, M.M., Snutch, T.P., and Catterall, W.A. (1993). Identification and differ-
ential subcellular localization of the neuronal class C and class D L-type
calcium channel alpha 1 subunits. J. Cell Biol. 123, 949–962.
Herna´ndez-Ochoa, E.O., Contreras, M., Cseresnye´s, Z., and Schneider, M.F.
(2007). Ca2+ signal summation and NFATc1 nuclear translocation in sympa-
thetic ganglion neurons during repetitive action potentials. Cell Calcium 41,
559–571.
Horne, E.A., and Dell’Acqua, M.L. (2007). Phospholipase C is required for
changes in postsynaptic structure and function associated with NMDA
receptor-dependent long-term depression. J. Neurosci. 27, 3523–3534.
Hoshi, N., Zhang, J.S., Omaki, M., Takeuchi, T., Yokoyama, S., Wanaverbecq,
N., Langeberg, L.K., Yoneda, Y., Scott, J.D., Brown, D.A., and Higashida, H.
(2003). AKAP150 signaling complex promotes suppression of the M-current
by muscarinic agonists. Nat. Neurosci. 6, 564–571.
Hoshi, N., Langeberg, L.K., and Scott, J.D. (2005). Distinct enzyme combina-
tions in AKAP signalling complexes permit functional diversity. Nat. Cell Biol. 7,
1066–1073.
Hudry, E., Wu, H.Y., Arbel-Ornath, M., Hashimoto, T., Matsouaka, R., Fan, Z.,
Spires-Jones, T.L., Betensky, R.A., Bacskai, B.J., and Hyman, B.T. (2012).
Inhibition of the NFAT pathway alleviates amyloid b neurotoxicity in a mouse
model of Alzheimer’s disease. J. Neurosci. 32, 3176–3192.
Jackson, J.G., Usachev, Y.M., and Thayer, S.A. (2007). Bradykinin-induced
nuclear factor of activated T-cells-dependent transcription in rat dorsal root
ganglion neurons. Mol. Pharmacol. 72, 303–310.uron 76, 1133–1146, December 20, 2012 ª2012 Elsevier Inc. 1145
Neuron
NFAT and AKAP150 Regulate M-Channel TranscriptionKar, P., Nelson, C., and Parekh, A.B. (2012). CRAC channels drive digital
activation and provide analog control and synergy to Ca(2+)-dependent
gene regulation. Curr. Biol. 22, 242–247.
Kim, M.S., and Usachev, Y.M. (2009). Mitochondrial Ca2+ cycling facilitates
activation of the transcription factor NFAT in sensory neurons. J. Neurosci.
29, 12101–12114.
Klauck, T.M., Faux, M.C., Labudda, K., Langeberg, L.K., Jaken, S., and Scott,
J.D. (1996). Coordination of three signaling enzymes by AKAP79, amammalian
scaffold protein. Science 271, 1589–1592.
Klee, C.B., Ren, H., and Wang, X. (1998). Regulation of the calmodulin-stimu-
lated protein phosphatase, calcineurin. J. Biol. Chem. 273, 13367–13370.
Klinger, F., Gould, G., Boehm, S., and Shapiro, M.S. (2011). Distribution of
M-channel subunits KCNQ2 and KCNQ3 in rat hippocampus. Neuroimage
58, 761–769.
Leite, J.P., Garcia-Cairasco, N., and Cavalheiro, E.A. (2002). New insights from
the use of pilocarpine and kainate models. Epilepsy Res. 50, 93–103.
Li, H., Pink, M.D., Murphy, J.G., Stein, A., Dell’Acqua, M.L., and Hogan, P.G.
(2012). Balanced interactions of calcineurin with AKAP79 regulate Ca2+-
calcineurin-NFAT signaling. Nat. Struct. Mol. Biol. 19, 337–345.
Lin, Z., Harris, C., and Lipscombe, D. (1996). The molecular identity of Ca
channel alpha 1-subunits expressed in rat sympathetic neurons. J. Mol.
Neurosci. 7, 257–267.
Lu, Y., Allen, M., Halt, A.R., Weisenhaus, M., Dallapiazza, R.F., Hall, D.D.,
Usachev, Y.M., McKnight, G.S., and Hell, J.W. (2007). Age-dependent require-
ment of AKAP150-anchored PKA and GluR2-lacking AMPA receptors in LTP.
EMBO J. 26, 4879–4890.
Mucha,M., Ooi, L., Linley, J.E., Mordaka, P., Dalle, C., Robertson, B., Gamper,
N., and Wood, I.C. (2010). Transcriptional control of KCNQ channel genes and
the regulation of neuronal excitability. J. Neurosci. 30, 13235–13245.
Oliveria, S.F., Dell’Acqua, M.L., and Sather, W.A. (2007). AKAP79/150
anchoring of calcineurin controls neuronal L-type Ca2+ channel activity and
nuclear signaling. Neuron 55, 261–275.
Pan, Z., Kao, T., Horvath, Z., Lemos, J., Sul, J.Y., Cranstoun, S.D., Bennett, V.,
Scherer, S.S., and Cooper, E.C. (2006). A common ankyrin-G-based mecha-
nism retains KCNQ and NaV channels at electrically active domains of the
axon. J. Neurosci. 26, 2599–2613.
Peters, H.C., Hu, H., Pongs, O., Storm, J.F., and Isbrandt, D. (2005).
Conditional transgenic suppression of M channels in mouse brain reveals
functions in neuronal excitability, resonance and behavior. Nat. Neurosci. 8,
51–60.
Plummer, M.R., Logothetis, D.E., and Hess, P. (1989). Elementary properties
and pharmacological sensitivities of calcium channels in mammalian periph-
eral neurons. Neuron 2, 1453–1463.
Racine, R.J. (1972). Modification of seizure activity by electrical stimulation. II.
Motor seizure. Electroencephalogr. Clin. Neurophysiol. 32, 281–294.
Rakhade, S.N., and Jensen, F.E. (2009). Epileptogenesis in the immature brain:
emerging mechanisms. Nat. Rev. Neurol. 5, 380–391.
Rose, K., Ooi, L., Dalle, C., Robertson, B., Wood, I.C., and Gamper, N. (2011).
Transcriptional repression of the M channel subunit Kv7.2 in chronic nerve
injury. Pain 152, 742–754.
Sample, V., DiPilato, L.M., Yang, J.H., Ni, Q., Saucerman, J.J., and Zhang, J.
(2012). Regulation of nuclear PKA revealed by spatiotemporal manipulation of
cyclic AMP. Nat. Chem. Biol. 8, 375–382.
Shah, M.M., Migliore, M., Valencia, I., Cooper, E.C., and Brown, D.A. (2008).
Functional significance of axonal Kv7 channels in hippocampal pyramidal
neurons. Proc. Natl. Acad. Sci. USA 105, 7869–7874.1146 Neuron 76, 1133–1146, December 20, 2012 ª2012 Elsevier IncStafstrom, C.E., Grippon, S., and Kirkpatrick, P. (2011). Ezogabine (retigabine).
Nat. Rev. Drug Discov. 10, 729–730.
Tavalin, S.J., Colledge, M., Hell, J.W., Langeberg, L.K., Huganir, R.L., and
Scott, J.D. (2002). Regulation of GluR1 by the A-kinase anchoring protein 79
(AKAP79) signaling complex shares properties with long-term depression.
J. Neurosci. 22, 3044–3051.
Tinel, N., Lauritzen, I., Chouabe, C., Lazdunski, M., and Borsotto, M. (1998).
The KCNQ2 potassium channel: splice variants, functional and developmental
expression. Brain localization and comparison with KCNQ3. FEBS Lett. 438,
171–176.
Tomida, T., Hirose, K., Takizawa, A., Shibasaki, F., and Iino, M. (2003). NFAT
functions as a working memory of Ca2+ signals in decoding Ca2+ oscillation.
EMBO J. 22, 3825–3832.
Tunquist, B.J., Hoshi, N., Guire, E.S., Zhang, F., Mullendorff, K., Langeberg,
L.K., Raber, J., and Scott, J.D. (2008). Loss of AKAP150 perturbs distinct
neuronal processes in mice. Proc. Natl. Acad. Sci. USA 105, 12557–12562.
Villarroel, A. (1996). M-current suppression in PC12 cells by bradykinin ismedi-
ated by a pertussis toxin-insensitive G-protein and modulated by intracellular
calcium. Brain Res. 740, 227–233.
Weisenhaus, M., Allen, M.L., Yang, L., Lu, Y., Nichols, C.B., Su, T., Hell, J.W.,
and McKnight, G.S. (2010). Mutations in AKAP5 disrupt dendritic signaling
complexes and lead to electrophysiological and behavioral phenotypes in
mice. PLoS One 5, e10325.
Winawer, M.R., Kuperman, R., Niethammer, M., Sherman, S., Rabinowitz, D.,
Guell, I.P., Ponder, C.A., and Palmer, A.A. (2007). Use of chromosome substi-
tution strains to identify seizure susceptibility loci in mice. Mamm. Genome 18,
23–31.
Wong, W., and Scott, J.D. (2004). AKAP signalling complexes: focal points in
space and time. Nat. Rev. Mol. Cell Biol. 5, 959–970.
Wu, H.Y., Hudry, E., Hashimoto, T., Uemura, K., Fan, Z.Y., Berezovska, O.,
Grosskreutz, C.L., Bacskai, B.J., and Hyman, B.T. (2012). Distinct dendritic
spine and nuclear phases of calcineurin activation after exposure to
amyloid-b revealed by a novel fluorescence resonance energy transfer assay.
J. Neurosci. 32, 5298–5309.
Zaczek, R., Chorvat, R.J., Saye, J.A., Pierdomenico, M.E., Maciag, C.M.,
Logue, A.R., Fisher, B.N., Rominger, D.H., and Earl, R.A. (1998). Two new
potent neurotransmitter release enhancers, 10,10-bis(4-pyridinylmethyl)-
9(10H)-anthracenone and 10,10-bis(2-fluoro-4-pyridinylmethyl)-9(10H)-an-
thracenone: comparison to linopirdine. J. Pharmacol. Exp. Ther. 285, 724–730.
Zaika, O., Tolstykh, G.P., Jaffe, D.B., and Shapiro, M.S. (2007). Inositol triphos-
phate-mediated Ca2+ signals direct purinergic P2Y receptor regulation of
neuronal ion channels. J. Neurosci. 27, 8914–8926.
Zhang, J., Bal, M., Bierbower, S., Zaika, O., and Shapiro, M.S. (2011). AKAP79/
150 signal complexes in G-protein modulation of neuronal ion channels.
J. Neurosci. 31, 7199–7211.Note Added in Proof
While this manuscript was in press, a paper from the Usachev lab was
published that documents NFATc3 as the dominant NFAT isoform that trans-
locates from cytoplasm to the nucleus in hippocampal and DRG neurons,
specified by the region within NFATs containing serine-proline repeats: Ulrich
et al., 2012. Distinct activation properties of the nuclear factor of activated
T-cells (NFAT) isoforms NFATc3 and NFATc4 in neurons. J. Biol. Chem. 287,
37594–37609..
